intermediates in the reaction pathway of hydrolysis of Class C ␤-lactamases have been intensely studied the characteristic substrate cephalothin, a cephalospoboth mechanistically and structurally. Early mutagene-
rin ␤-lactam, by AmpC ␤-lactamase (Figure 1) . The mudifferent forms of cephalothin were observed; the precovalent substrate cephalothin, with its intact four-memtant AmpC S64G was used to capture both the substrate and product of the reaction within the active site, and bered ␤-lactam ring, was bound in monomer 1, and the product of the reaction, hydrolyzed cephalothin, was the structure of these complexes was determined to 1.53 Å resolution. In addition, an acyl complex of the bound in monomer 2. Refinement resulted in a model with a final R factor of 19.5% and a final R free of 22.0% wild-type (WT) enzyme with cephalothin was also captured; the structure of this complex was determined to using data from 20 to 1.53 Å . Simulated-annealing omit maps of the active site ligands in the final model con-2.06 Å resolution. For the first time, the recognition of a good substrate by a ␤-lactamase can be observed as firmed their identities and conformations (Figures 2A  and 2C ). The stereochemistry of the model was evaluit undergoes acylation and then deacylation. The ligand itself undergoes dramatic conformational changes in the ated by the program Procheck [28]; 92.3% of the nonproline, nonglycine residues were in the most favored course of this hydrolysis; these changes help to explain substrate recognition, catalysis, and discharge of the region of the Ramachandran plot, and 7.7% were in the additionally allowed region. As compared to a WT AmpC product. structure determined to 1.72 Å (Protein Data Bank entry 1KE4), the root-mean-square deviation (rmsd) of C␣ poResults sitions between WT apo monomer 1 and S64G/cephalothin monomer 1 is 0.27 Å and WT apo monomer 2 and S64G/Cephalothin Complex S64G/cephalothin monomer 2 is 0.15 Å . The X-ray crystal structure of AmpC S64G in complex with cephalothin was determined to 1. 53 clear that the occupancy of the substrate is less than in monomer 2. Wat401 also interacts with Asn346 and Arg349. There is no water in the active site that corre-1.0; tetrahedral density overlaps the proximal portion of the ␤-lactam ring, suggesting a bound phosphate, which sponds to the deacylating water (Wat400 in monomer 1, and Wat402 in monomer 2 of other structures); incorresponds to one observed in the AmpC S64G native structure (unpublished data). The occupancy of the substead, this site is occupied by the C4Ј carboxylate of the ligand. The R2 leaving group of the substrate makes strate was set to 0.65, and that of the phosphate was set to 0.35. few interactions in the active site ( Figure 3A) , pointing toward bulk solvent in an area of relative disorder in the In the precovalent substrate complex with S64G, the O9 carbonyl oxygen of the ␤-lactam ring is recognized structure (residues 280 to 295). On the other side of the molecule, the amide group of the R1 side chain in the "electrophilic" [11] or "oxyanion" [29] hole by the main chain nitrogens of Gly64 (2.8 Å ) and Ala318 (2.8 Å )
is recognized by Gln120, Asn152, and the main chain oxygen of Ala318, as expected [9, 12, 15] ( Table 2) . The and makes a close contact with the main chain oxygen of Ala318 (3.1 Å ) (Table 2; Figure 3A The figure was generated using SETOR [52] .
was modeled at an occupancy of 0.9. Although we did from its original position in the substrate complex (Figure 4A) . The carboxylate loses its interactions with not explicitly add product in the crystal-soaking experiment, the mutant S64G retains enough activity (72,000-Tyr150 and Thr316, which were seen in the substrate structure, and now interacts with Gln120. The movement fold down from WT; unpublished data) to produce a substantial amount of product over the time course of of the carboxylate opens up this area of the active site of monomer 2, and well-ordered waters Wat402 and the experiment. With its four-membered ring broken and the R2 leaving group having departed, the productWat403 are observed. Wat402 is highly conserved in AmpC structures and is believed to be the deacylating enzyme complex shows a different set of interactions (Table 2; Figure 3C The structure of the precovalent substrate comstrate, activating it for hydrolytic attack, and how they plex suggests that the C4Ј carboxylate may activate bind substrate selectively over the product, avoiding
Tyr150, which in turn may abstract a proton from Ser64 measurable product inhibition, emerge from the preco-(which is 2.9 Å from the Tyr150 in the WT apo structure), valent substrate, acyl-intermediate, and postcovalent either directly or via Lys67, to activate the serine for product complexes described here.
hydrolytic attack. This substrate-assisted mechanism may also be allowed by other hydrogen bond-accepting A Possible Role of Substrate in Activation groups at this C4Ј position [35] .
of AmpC for Catalysis
In the covalent adduct between cephalothin and WT In the precovalent encounter complex, the substrate cephalothin makes several interactions that are familiar AmpC (Figure 3B ), the C4Ј carboxylate has moved by ken. This, combined with the difficulty in desolvating a dianionic species, results in the low affinity of product ylation transition-state analog, and product complexes.
Finally, how have we been able to capture the WT for AmpC relative to substrate. ␤-lactams are highly functionalized molecules, and AmpC appears to take enzyme with an excellent substrate, like cephalothin, in an acyl-adduct? We believe that the alteration in the advantage of that functionality not only as handles for recognition, as in classic enzyme-ligand recognition, but position of the O9 oxygen, which is no longer in the electrophilic or oxyanion hole and hence is not compealso to actually activate the enzyme at several stages in the mechanism. tent for deacylation, was crucial to the capture of this complex. The idea that the ester of the acyl-adduct in ␤-lactamases may adopt alternate conformations has Biological Implications been previously suggested based on FTIR evidence [44, 45]. Indeed, these authors have suggested that the lack Serine hydrolases, which include proteases and of evidence for such alternate conformations in X-ray ␤-lactamases, are a widely studied class of enzymes crystal structures points out the inability of crystallograinvolved in many diseases. ␤-lactamases are the leading phy to reliably capture higher-energy states. This struccause of bacterial resistance to ␤-lactam antibiotics, ture confirms the possibility of this rotational movement like penicillins and cephalosporins. Despite the impact within the acyl-adduct crystallographically. As far as of these enzymes on public health, little is known about the interpretation of the acyl-adduct is concerned, the the structural basis of substrate recognition and selecmovement of the O9 oxygen does not appear to alter tive binding of substrate over the hydrolyzed product of the rest of the structure significantly; the entire molecule, the reaction. Understanding each step of the hydrolysis save the O9, overlays well with the structure of loracarwould help to explain the observed differences in activity bef determined in complex with a deacylation-deficient between different enzymes and the importance of specific mutant enzyme [12]. This leads us to believe that the moieties of their substrates. To better understand these interactions observed outside the region around the O9 features, the crystal structures of AmpC ␤-lactamase in oxygen may be used to understand the mechanism of complex with the substrate, acyl, and product forms of AmpC. a good substrate have been determined. We observe that the ligand itself undergoes a significant conformational change as the reaction progresses. These strucConclusions tures suggest that conserved portions of the ligand are A proficient enzyme must recognize its substrate, acticrucial for activating the enzyme at each stage of the vating it for catalysis, and must selectively bind the subreaction. This observation may provide a way to design strate over the product to avoid product inhibition. Exnew hydrolase inhibitors; if the enzymes depend on the actly how this is done remains an area of active inquiry ligand for activation, alterations in the ligand that elimifor many hydrolases. For the class C ␤-lactamases, the nate these interactions may act as inhibitors. These following model may now be proposed ( Figure 5) . First, snapshots along the reaction pathway of ␤-lactam hyAmpC binds its substrate; there is no discernible confordrolysis thus not only provide insight into the mechanism mational change on complex formation. Once bound, of serine hydrolases but may also help to design new the substrate is oriented using a network of hydrogen ␤-lactam antibiotics that can resist hydrolysis by bonds and nonpolar interactions that stretch across the ␤-lactamases. entire molecule, stopping only at the displaceable R2 side chain ( Figure 3A) . A hydrogen bond between the C4Ј carboxylate of the substrate itself and Tyr150 may 
